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A B S T R A C T
A kinetic model for sunflower oil hydrogenation on a palladium catalyst is proposed based on Horiuty–Polanyi
type mechanism and considering either a dissociative or associative adsorption of hydrogen. The derived kinetic
laws allow to explain the distinct dependency of saturation and isomerization reactions on hydrogen pressure.
Kinetic parameters are identified based on batch slurry hydrogenations carried out at 60–160◦C and 2–31
bar with a powdered Pd/Al2O3 catalyst. A statistical analysis is used to select the most suitable adsorption
mechanism for H2. Evaluation of the Weisz–Prater modulus reveals that limitations to intraparticle diffusion
occur despite the particle diameter does not exceed 40 μm.1. Introduction
1.1. Context
The hydrogenation process traces back to late 19th century with
Paul Sabatier and Jean-Baptiste Senderens [1] and is still a widely used
rocess to reduce edible oils randicity and increase their viscosity and
elting point for food and cosmetics applications [2,3]. The objective is
o saturate carbon–carbon double bonds (also known as unsaturations)
n the presence of hydrogen and a supported metal catalyst as shown
y the Eq. (1).
CH−CH− + H2 ←←←←←←←←←→ −CH2−CH2− (1)
While double bonds are turned into single bonds (saturation reac-
ions), isomerization reactions can also occur where cis unsaturations
hydrogen atoms are on the same side of the carbon chain) are turned
nto trans unsaturations (see Fig. 1). Trans fatty acids (TFA), and to
ome extent totally saturated fatty acids (SFA), can contribute to the
evelopment of cardiovascular diseases such as atherosclerosis [4,5].
s a consequence, the World Health Organization advises to reduce
FA and SFA consumption to a maximum of 1% and 10%, respectively,
f the total caloric intake [6,7]. This urged public institutions to take
ction, as done by the European Union which demands less than 2 wt%
f TFA in food products total fat content [8].
In this context, the hydrogenation process must focus on the partial
aturation of polyunsaturated fatty acids (PUFA) while avoiding iso-
erization from cis to trans configuration. In other words, production
f monounsaturated fatty acid (MUFA) with cis configuration must be
avoured. In order to achieve such selectivity goals, kinetic rates and
heir dependency to operating conditions must be finely characterized
s discussed in the following section.
∗ Corresponding authors.
1.2. Literature review
Two main factors affect edible oil hydrogenation selectivity: catalyst
metal and operating conditions.
Concerning the metal, a compromise has to be reached between
activity, selectivity and cost. Metals known to have the best selectiv-
ity towards MUFA are Rh, Pd, Pt, Ru, Ni in that decreasing order,
while classification becomes Rh, Pd, Ru, Ni and Pt to enhance TFA
production [9,10]. Hence, slurry of nickel based catalyst, which is
mainly used at industrial scale, is rather chosen for its low cost than
for its selectivity performances since the powder is often discarded after
use [11]. Palladium catalyst is considered as a good compromise for cis
MUFA selectivity [10], and has been applied in the form of structured
catalysts in several studies [12–16].
Concerning operating conditions, their influences on selectivity are
known: high temperatures tend to promote PUFA saturation and cis to
trans isomerization, while high H2 pressures limit the latter and boost
all saturation reactions [17].
Kinetic models have been developed to consider, at least to some ex-
tent, this dependency to operating conditions. While some authors have
used empirical laws to describe vegetable hydrogenation kinetics [18–
20], others have based their models on reaction mechanisms.
Susu et al. [21] considered a Langmuir–Hinselwood type adsorp-
tion mechanism for palm oil hydrogenation over Ni catalyst. Fatty
acids and H2 have their own adsorption sites. Hydrogen adsorption
is supposed to be dissociative and the two adsorbed hydrogen atoms
(noted H) are added simultaneously on unsaturations. Gut et al. [22]
had an opposite approach where H2 is supposed to be associative for

































Fig. 1. Configurations of carbon–carbon double bonds (unsaturations) in unsaturated 
fatty acids.
are added to the ethylene bond in two steps following the so-called
Horiuty–Polanyi reaction mechanism which allows to describe both
saturation and isomerization reactions. The first added H gives an half-
hydrogenated unsaturation which can be completely hydrogenated by
the second H addition or conversely return to cis or trans unsaturation. 
Later on, Santacesaria et al. [23] and Fernández et al. [24] adopted
this mechanism for rapeseed and sunflower oil hydrogenation over Pd
atalysts, respectively. In both cases, saturation reactions dependency
to operating conditions is well described. However, influence of the
pressure on isomerization reaction is not considered which is not in
agreement with experimental observations. To solve this shortcom-
ing, Fillion et al. [25] used two distinct exponents for H2 concentration 
in their isomerization kinetic laws (one for the cis to trans conversion,
and another for the trans to cis conversion). Both parameters were 
optimized based on experimental data obtained during rapeseed oil
hydrogenation. This empirical approach is not completely satisfactory
because the model is only valid on a limited pressure range and the
trans/cis thermodynamic equilibrium constant becomes a function of
the hydrogen pressure, which is not in agreement with the van ’t Hoff
equation.
To study accurately the dependency of hydrogen pressure on the iso-
merization reactions, some authors did not consider the hydrogenation
of edible oils (which are complex mixtures of triglycerides) but that of 
fatty acid methyl esters (FAME) instead. The advantages of the latter 
are the same reactivity as the fatty acid chains on triglycerides [26],
but a higher effective diffusivity within the catalyst, hence avoiding 
internal mass transfer limitations [27]. In this context, Grau et al.
[28] examined methyl oleate saturation and isomerization through an 
intermediate species, following once again the Horiuti-Polanyi reaction
mechanism. By assuming a steady state approach for the absorbed
species, a distinct reaction order for H2 is noticed for the two reaction
types. Jonker et al. [29] resumed this work and proposed twelve
different kinetic laws depending on which reaction step is limiting.
Nevertheless, the selected model did not consider the distinct depen-
dency on hydrogen for the saturation and isomerization reactions. Deliy
et al. [30] proposed a qualitative explanation of the hydrogenation of
methyl linoleate into cis or trans methyl oleate which was taken over 
by Murzin and Simakova [31] later on: following the first addition of 
H on the methyl linoleate, the authors assumed the presence of either 
a pro-cis or pro-trans intermediate preceding the second addition of H 
and giving either the methyl oleate (cis) or the methyl elaidate (trans), 
respectively. Kinetic laws were derived but parameters values were not 
given.
From this state of the art, it can be concluded that (i) available
kinetic models for edible oil hydrogenation do not consider a distinct
dependency on hydrogen pressure for saturation and isomerization 
reactions, (ii) mechanisms were proposed for FAME hydrogenation to
elucidate this effect, but their complexity prevented the optimization
of associated kinetic parameters.
This work aims to propose a reaction mechanism for the sunflower
oil hydrogenation that describes the hydrogen pressure effect on theconcomitant cis/trans isomerization. Sound hypotheses allow to sim-
plify the derived reaction rate laws, in order to reduce the number
of parameters. They are then optimized on an extensive range of
operating conditions, based on hydrogenation assays carried out in a
batch slurry reactor using Pd/Al2O3 catalyst. Confidence intervals for
these parameters are finally discussed and a model is selected.
2. Reaction mechanism and kinetic laws
The presented mechanism is mainly inspired by the work of Grau
et al. [28] who considered a half-hydrogenated intermediate during
the hydrogenation of methyl oleate in agreement with the Horiuti-
Polanyi mechanism. The current model goes further by considering the
presence of PUFA and obeys the following assumptions:
• Sunflower oil is studied, hence the only considered fatty acids in
triglycerides (TAG) are C18:2, C18:1 and C18:0.
• Because of high C18:2 reactivity, only C18:1 isomers are taken
into account giving a total of four species: linoleic acid (C18:2
noted L), oleic acid (cis C18:1 noted C), elaidic acid (trans C18:1
noted T) and stearic acid (C18:0 noted S) [25].
• TAG and H2 adsorb on distinct active sites noted ⋆ and ∗, respec-
tively [21,23,24,28–31].
• TAG and H2 adsorptions are supposed to be at equilibrium (not
considered as limiting steps in the catalytic cycle) [28,29].
• H2 adsorption is considered either associative or dissociative at
first. [24,29]. The most suitable hydrogen adsorption mechanism
is discussed later on.
• Stearic acid (S) does not adsorb on active sites [28].
• Surface coverage of intermediate species is neglected due to the
high reactivity of these species [24].
.1. Proposed reaction mechanism
Following the previous hypotheses, a first reaction scheme is de-
ived whose mechanism is laid out in this section.
Hydrogen adsorptions at equilibrium are represented by Eq. (2) to
4) for the two mechanisms.
Dissociative adsorption:











H2+ ∗ ←←←←←←←←←→←←←←←←←←← 2H (4)
















Intermediate species containing one free unsaturation and one half-
hydrogenated unsaturation (MH) is obtained from the addition of an






The free unsaturation either keeps its cis configuration or switches










Fig. 2. Complete reaction scheme.
unsaturation is irreversible and gives either a cis or trans MUFA (see
Eq. (9) and (10)).
MH+ H
𝑘2,𝐶
←←←←←←←←←→ C + ∗ (9)
MH+ H
𝑘2,𝑇
←←←←←←←←←→ T + ∗ (10)
In the same way, MH intermediate is obtained, SH intermediate
omes from the addition of H on either cis or trans adsorbed MUFA
(see Eq. (11) and (12)). These surface reactions are reversible allowing











SH + ∗ (12)
Finally, the second H addition on SH is irreversible. This gives a




←←←←←←←←←→ S+ ∗ +⋆ (13)
This mechanism can be summed up by Fig. 2.
2.2. Kinetic law derivation
Reaction rate expressions for the different species can be inferred
from the previous mechanism. Furthermore, supplementary hypotheses
allow to simplify the final model.
2.2.1. Initial expressions
First, overall formation rate of adsorbed species (L, MH, C, T, SH)
is set to zero [28]. Steady state approach is therefore assumed for
these species, as shown from Eq. (14) to (18) where 𝜃 is the surface
ccupation of a given species.
𝑟𝐿 = 𝑘𝐿[𝐿]𝜃⋆ − 𝑘−𝐿𝜃𝐿 − 𝑘2𝜃𝐿𝜃𝐻 + 𝑘−2𝜃𝑀𝐻𝜃∗ (14)
= −𝑟𝐿 − 𝑘2𝜃𝐿𝜃𝐻 + 𝑘−2𝜃𝑀𝐻𝜃∗ = 0𝑟𝐶 = −𝑟𝐶 + 𝑘2,𝐶𝜃𝑀𝐻𝜃𝐻 − 𝑘1,𝐶𝜃𝐶𝜃𝐻 + 𝑘−1,𝐶𝜃𝑆𝐻𝜃∗ = 0 (15)
𝑟𝑇 = −𝑟𝑇 + 𝑘2,𝑇 𝜃𝑀𝐻𝜃𝐻 − 𝑘1,𝑇 𝜃𝑇 𝜃𝐻 + 𝑘−1,𝑇 𝜃𝑆𝐻𝜃∗ = 0 (16)
𝑟𝑀𝐻 = 𝑘2𝜃𝐿𝜃𝐻 − 𝑘−2𝜃𝑀𝐻𝜃∗ − 𝑘2,𝐶𝜃𝑀𝐻𝜃𝐻 − 𝑘2,𝑇 𝜃𝑀𝐻𝜃𝐻 = 0 (17)
𝑟𝑆𝐻 = 𝑘1,𝑇 𝜃𝑇 𝜃𝐻 − 𝑘−1,𝑇 𝜃𝑆𝐻𝜃∗ + 𝑘1,𝐶𝜃𝐶𝜃𝐻 − 𝑘−1,𝐶𝜃𝑆𝐻𝜃∗−
𝑘𝑆𝜃𝑆𝐻𝜃𝐻 = 0
(18)
It is noticed that the consumption/production rates of unsaturated
species in the liquid phase (𝑟𝐿, 𝑟𝐶 and 𝑟𝑇 ) appear in Eq. (14) to (16).
𝜃𝑀𝐻 and 𝜃𝑆𝐻 expressions are deduced from Eq. (17) to (18) and a
balance on hydrogen active sites (𝜃𝐻 + 𝜃∗ = 1). They are available in
Eq. (19) and (20).
𝜃𝑀𝐻 =
𝑘2𝜃𝐿𝜃𝐻






(𝑘1,𝑇 𝜃𝑇 + 𝑘1,𝐶𝜃𝐶 )𝜃𝐻
(𝑘−1,𝑇 + 𝑘−1,𝐶 )(1 − 𝜃𝐻 ) + 𝑘𝑆𝜃𝐻
=
(𝑘1,𝑇 𝜃𝑇 + 𝑘1,𝐶𝜃𝐶 )𝜃𝐻
𝛥1
(20)
Reaction rates of liquid species, 𝑟𝐿, 𝑟𝐶 and 𝑟𝑇 are deduced from
Eq. (14), (15) and (16), respectively, by introducing the expressions of
𝜃𝑀𝐻 and 𝜃𝑆𝐻 (see Eq. (19) and (20)). They are available from Eq. (21)
o (23).
𝐿 = −







𝑘−1,𝐶𝑘1,𝑇 𝜃𝑇 (1 − 𝜃𝐻 )𝜃𝐻
𝛥1
−










𝑘−1,𝐶𝑘1,𝑇 𝜃𝑇 (1 − 𝜃𝐻 )𝜃𝐻
𝛥1
+






Hence, the production/consumption rates of fatty acids in the liquid
phase are provided. However, active site coverage fractions for TAG
and H2 need to be expressed as a function of the operating parameters.
For hydrogen, 𝜃𝐻 are given for dissociative and associative adsorption














As previously mentioned, coverage of active sites by intermediate
species is assumed to be negligible compared to fatty acids. Hence,
balance on vacant and occupied active sites ⋆ gives Eq. (26).
𝜃𝐿 + 𝜃𝐶 + 𝜃𝑇 + 𝜃⋆ = 1 (26)
Fatty acid adsorptions being at equilibrium, the fractional surface
coverage 𝜃𝑖 for a given fatty acid 𝑖 (standing for L, C or T) can
be expressed as a function of the liquid phase concentration 𝐶𝑖, the
equilibrium constant 𝐾𝑖 = 𝑘𝑖∕𝑘−𝑖 and 𝜃⋆ (see Eq. (27)).
𝜃𝑖 = 𝐾𝑖𝐶𝑖𝜃⋆ (27)




1 +𝐾𝐿𝐶𝐿 +𝐾𝐶𝐶𝐶 +𝐾𝑇𝐶𝑇
(28)



















Fig. 3. Simplified reaction scheme.
.2.2. Rate law simplification
Previous kinetic laws depend on numerous parameters which makes
heir identification difficult and possibly poorly accurate. Supplemen-
ary assumptions are made in order to simplify them.
First of all, H first addition on L is supposed to be irreversible,
meaning that 𝑘−2 ≪ 𝑘2. Denominator 𝛥2 in Eq. (19) is simplified:
2 ≈ (𝑘2,𝐶 + 𝑘2,𝑇 )𝜃𝐻 (29)
In a similar way, SH saturation is considered fast compared to its
ehydrogenation. In other words, 𝑘𝑆 is much higher than 𝑘−1,𝑇 and
−1,𝐶 . Denominator 𝛥1 in Eq. (20) is reduced to Eq. (30).
1 ≈ 𝑘𝑆𝜃𝐻 (30)
Subsequently, Eq. (21) to (23) become Eq. (31) to (33).























𝜃𝐶 (1 − 𝜃𝐻 ) − 𝑘1,𝑇 𝜃𝑇 𝜃𝐻
(33)
By introducing the overall constant 𝜅𝑖, function of elementary con-
stants 𝑘𝑖, Eq. (31) to (33) turn into Eq. (34) to (36). Production rate of
S is deduced from a mass balance on all fatty acids, see Eq. (37).
𝑟𝐿 = −(𝜅2,𝐶 + 𝜅2,𝑇 )𝜃𝐿𝜃𝐻 (34)
𝑟𝐶 = 𝜅2,𝐶𝜃𝐿𝜃𝐻 + 𝜅𝑖𝑠𝑜′𝜃𝑇 (1 − 𝜃𝐻 ) − 𝜅𝑖𝑠𝑜𝜃𝐶 (1 − 𝜃𝐻 ) − 𝜅1,𝐶𝜃𝐶𝜃𝐻 (35)
𝑟𝑇 = 𝜅2,𝑇 𝜃𝐿𝜃𝐻 − 𝜅𝑖𝑠𝑜′𝜃𝑇 (1 − 𝜃𝐻 ) + 𝜅𝑖𝑠𝑜𝜃𝐶 (1 − 𝜃𝐻 ) − 𝜅1,𝑇 𝜃𝑇 𝜃𝐻 (36)
𝑟𝑆 = 𝜅1,𝐶𝜃𝐶𝜃𝐻 + 𝜅1,𝑇 𝜃𝑇 𝜃𝐻 (37)
Lumping several steps from the reaction scheme of Fig. 2 accord-
ingly leads to Fig. 3.
Terms in Eq. (34) to (36) can be sorted out depending on whether
hey correspond to saturation reactions (associated to constants 𝜅2,𝐶 ,
2,𝑇 , 𝜅1,𝐶 or 𝜅1,𝑇 ) or isomerization reactions (associated to constants
𝑖𝑠𝑜 or 𝜅𝑖𝑠𝑜′ ). Then, it can be noticed that saturation reactions are
roportional to 𝜃𝐻 and isomerization reactions to (1 − 𝜃𝐻 ). Distinct
ependency on hydrogen concentration is therefore obtained for the
wo reaction types. Saturation reactions are promoted by high 𝜃𝐻 (thus
high H2 pressure) while isomerization ones are inhibited by such
ondition. This is in agreement with experimental observations.
This kinetic model gives a theoretical framework to describe the ef-
ect of operating conditions observed experimentally. Nonetheless, fur-
her simplifications are needed in order to gain robustness in parameter
ptimization (see Section 3.2).Table 1

























Previous section proposed theoretical kinetic laws for sunflower oil
hydrogenation. From a practical stand point, parameters, which they
depend on, have to be known either to quantify achievable selectiv-
ity or for continuous reactor sizing. Therefore, this section focuses
on the determination of these parameters based on hydrogenation
experiments.
3.1. Experimental data
3.1.1. Material & method
Refined sunflower oil was supplied by ITERG (Pessac, France) and
its composition is given in Table 1.
Hydrogenations were carried out in a 100 mL autoclave (Parr Instru-
ment). This reactor was equipped with an annular heating system and
a cooling coil for temperature control. Upstream H2 tank fed the dead-
end reactor with constant pressure. A gas-inducing impeller insured
efficient gas dispersion to remove gas–liquid mass transfer limitations.
For each experiment, 50 mL of oil and 15 mg of Pd/Al2O3 powdered
catalyst (sieved between 20 and 40 μm) were introduced inside the
reactor. This catalyst was synthesized by Mecaprotec Industries (Muret,
France) following a preliminary screening. Its active metal content is
0.7 wt%.
Once the reactor was sealed with the oil and catalyst inside, it
was pre-heated at 2 bar under agitation speed of 200 RPM — well
below critical speed for gas self-induction to prevent the starting of
the reaction. When the desired temperature was reached, the reactor
pressure was adjusted to match predefined operating conditions and
the agitation speed was set at 1,400 RPM to initiate the reaction. Initial
reaction rates were determined from recording pressure evolution in
the upstream gas tank.
It must be mentioned that preliminary hydrogenation tests were
carried out in the most favourable kinetic conditions (160◦C - 31
bar) with different catalyst masses. Linear dependency between initial
reaction rate and catalyst mass proved the reaction to operate without
external mass transfer resistance.
Three to five samples of 2 mL were taken by experiment using a
sampling line equipped with a filter. Analytic characterization of these
samples was made by gas chromatography with flame ionization de-
tection (GC/FID). They were methylated using boron trifluoride before
being injected into an Agilent FAME column (0.25 mm ID × 50 m,

































Available samples for the different sets of operating conditions (and
number of separate experiments associated).
𝑃 (bar)
T (◦C) 2 6 12.5 31
60 – – – 3 (1)
80 4 (1) 5 (1) 10 (2) 5 (1)
120 – – 5 (1) 5 (1)
160 4 (1) 5 (1) 5 (1) 5 (1)
Agilent Select). The temperature settings for the oven were 165◦C for
5 min, then 200◦C for 13.5 min, and 250◦C for 5 min. Helium was
he carrier gas and its pressure was kept at 220 kPa with a split flow
f 60 mL/min.
Positional isomerization also takes place during hydrogenation, re-
ulting in the presence of numerous peaks on sample chromatographs.
dentification of those peaks is precarious [32], hence they were
umped as cis or trans for C18:1 and C18:2. Conjugated PUFA (having
ne cis unsaturation and one trans unsaturation) were counted as trans
18:2.
.1.2. Experimental data selection
Hydrogenation experiments were carried out with temperatures and
ressures ranging from 60 to 160◦C and from 2 to 31 bar, respectively.
xperimental data set was first analysed with respect to the consistency
f the measured initial reaction rates, which led to the exclusion of
few experiments: 12 were selected corresponding to 56 samples.
able 2 gives the distribution of these samples with respect to the
perating conditions.
Out of the 21 fatty acids identified by GC, only 18-carbon fatty
cid were considered since they contribute to about 90% of the weight.
n agreement with the previously developed kinetic model, PUFA are
onsidered as a whole (with no distinction between cis C18:2 and trans
18:2). Therefore, only the molar fractions of C18:2 (𝑥𝐿), cis C18:1
𝑥𝐶 ), trans C18:1 (𝑥𝑇 ) and C18:0 (𝑥𝑆 ) are quantified for each sample.
In addition, it is possible to count the average number 𝑝′ of remain-
ng unsaturations per fatty acids for each sample. The saturation degree







3.2. Final kinetic model
Presented model in Section 2.2.2 went through further simplifica-
ions:
• 𝜅𝑖 constants follow Arrhenius type law,
• 𝜅2,𝐶 and 𝜅2,𝑇 ratio is supposed to be constant and is called 𝜙,
• 𝜅𝑖𝑠𝑜′ and 𝜅𝑖𝑠𝑜 ratio is supposed to be constant and is called 𝐾𝑖𝑠𝑜,
• 𝜅1,𝐶 and 𝜅1,𝑇 are supposed to be equal and constant, and are called
𝜅1.
The overall C18:2 saturation constant 𝜅2 is introduced as the sum
of 𝜅2,𝐶 and 𝜅2,𝑇 (see Eq. (39)). Following the previous hypothesis, 𝜅2,𝐶
over 𝜅2,𝑇 ratio is given by Eq. (40).




Consequently, hydrogenation rates for PUFA hydrogenation into cis
r trans MUFA are given by Eq. (41) and (42), respectively.
2,𝐶 =
𝜙




Additionally, SFA production rates from cis and trans MUFA are
available Eq. (43) and (44), respectively.
𝑟1,𝐶 = 𝜅1𝜃𝐶𝜃𝐻 (43)
𝑟1,𝑇 = 𝜅1𝜃𝑇 𝜃𝐻 (44)
Isomerization kinetic rates for cis to trans and for trans to cis MUFA
are available Eq. (45) and (46), respectively.




𝜃𝑇 (1 − 𝜃𝐻 ) (46)
The Arrhenius law equation for 𝜅𝑖 constants was reparametrized
according to Eq. (47) to reduce correlation between the pre-exponential
actor and the activation energy [33]. Reference temperature, 𝑇𝑟𝑒𝑓 , was
et to 373 K.
Hydrogen adsorption constant, 𝐾𝐻 , follows the van ’t Hoff law,
hich was expressed using an analogous reparametrization.






Since there was no external mass transfer resistance, hydrogen con-
centration in the liquid is considered to be at its saturation value for the
calculation of 𝜃𝐻 . This concentration at thermodynamic equilibrium is
given by Eq. (48), where 𝐻0 and 𝛥𝐸 are equal to 11.3 mol.m−3.bar−1




Coverage fractions for unsaturated fatty acids, 𝜃𝑖, were expressed in
Eq. (28). In this section, it is assumed that MUFA have a unique adsorp-
tion constant, 𝐾𝑀 , regardless of their cis or trans configuration [23,24].
Subsequently, 𝐾𝐶 = 𝐾𝑇 = 𝐾𝑀 .
In addition, PUFA are supposed to have twice as many chances to
adsorb than MUFA, hence 𝐾𝐷 = 2𝐾𝑀 [23,24].
Thus, the coverage fractions of the unsaturated fatty acids only
depend on 𝐾𝑀 and their concentrations in the liquid phase (see from
Eq. (49) to (51)).
𝜃𝐿 =
2𝐾𝑀𝐶𝐿








1 + 2𝐾𝑀𝐶𝐿 +𝐾𝑀 (𝐶𝐶 + 𝐶𝑇 )
(51)
Preliminary optimizations showed that 𝐾𝑀 is large before 1, making
unit term at the denominator negligible for 𝜃𝑖. The numerical values
of 𝜃𝑖 (and therefore the final results) being thus not sensitive to 𝐾𝑀 ,
this parameter was arbitrarily set to 1 m3.mol−1. Since the initial
concentrations of unsaturated fatty acids are of an order of magnitude
of 103 mol.m−3, the unit term prevents the denominator to be close to
zero only at high saturation level.
The final kinetic model parameters can be counted: three kinetic
constants (𝜅2, 𝜅1 and 𝜅𝑖𝑠𝑜) and one adsorption constant (𝐾𝐻 ). Four pre-
exponential constants (𝜅2,𝑟𝑒𝑓 , 𝜅1,𝑟𝑒𝑓 , 𝜅𝑖𝑠𝑜,𝑟𝑒𝑓 and 𝐾𝐻,𝑟𝑒𝑓 ), three activation
energies (𝐸𝑎2, 𝐸𝑎1 and 𝐸𝑎𝑖𝑠𝑜) and one heat of adsorption (𝐸𝐻 ) must
then be optimized. Two more constants have also to be added (𝜙 and
𝐾𝑖𝑠𝑜). Finally, 10 parameters have to be identified for each hydrogen
adsorption mechanism.
Table 3
Results for the first optimization step and comparison with values obtained by Fernández et al. [24].
Dissociative Associative
This work Literaturea This work Literaturea
𝜅2,𝑟𝑒𝑓 17.26 0.47–2.03b 4.58 0.119–0.442b,c kmol.s−1.kg−1Pd
𝐸𝑎2 20.82 34.9–58.2 24.38 48.9–58.2 kJ.mol−1
𝜅1,𝑟𝑒𝑓 1.292 0.012–0.150b 0.378 0.013–0.035b,c kmol.s−1.kg−1Pd
𝐸𝑎1 3.43 27.4–48.7 9.53 39.9–45.9 kJ.mol−1
𝐾𝐻,𝑟𝑒𝑓 9.38×10−4 0.106–0.681b 4.23×10−2 0.100–0.778b m3.mol−1
𝐸𝐻 11.87 1.2–57.6 0.0411 5.8–8.3 kJ.mol−1
𝜒1 1.36 – 1.18 –
aParameter range values obtained by Fernández et al. [24] for four dissociative parameter sets
and four associative parameter sets.
bReference temperature at 373 K in Fernández et al. [24] as well.
cRecalculated since 𝜃𝐻 = 𝐾𝐻𝐶𝐻 ∕(2 + 2𝐾𝐻𝐶𝐻 ) in Fernández et al. [24].2 2Table 4
Comparison of activation energy between this work and previous studies.
Oil’s type 𝐸𝑎2 (J.mol−1) 𝐸𝑎1 (J.mol−1)
This work (dissociative) Sunflower 20,800 3,260
This work (associative) Sunflower 24,400 9,530
Fernández et al. [24] (dissociative)a Sunflower 48,800 40,500
Fernández et al. [24] (associative)a Sunflower 51,700 46,400
Fillion et al. [25] Soybean 72,999 50,151
Bern et al. [18] Rapeseed 65,010 75,070
Snyder et al. [34] Soybean 36,481 –
Gut et al. [22] Sunflower – 9,033
Chen et al. [19] Soybean 78,454 30,837
Santacesaria et al. [23] Rapeseed 12,500 14,700
aAverage value of the parameter.
Fig. 4. Reactive scheme for the first optimization step.
3.3. Optimization strategy
The optimization requires the integration of mass balances to derive
the time-concentration evolution of the unsaturated fatty acids. More-
over, the reaction rate expressions exhibit a non-linear dependency
with respect to several kinetic parameters. To facilitate the parameters
search, a two-step optimization is carried out as proposed by Fernández
et al. [24].
A simplified kinetic model is first considered where no distinction
between cis and trans MUFA is made. The overall MUFA concentration,
𝐶𝑀 , is introduced as the sum of 𝐶𝐶 and 𝐶𝑇 (𝜃𝑀 = 𝜃𝐶 + 𝜃𝑇 ). Only two
reaction rates have to be accounted for: 𝑟2 = 𝜅2𝜃𝐿𝜃𝐻 and 𝑟1 = 𝜅1𝜃𝑀𝜃𝐻 ,
as shown by Fig. 4.
Only the six parameters associated to 𝜅2, 𝜅1 and 𝐾𝐻 have to be
identified first. Their optimization is based on a least-square method,
where the 𝜒1 criterion estimates the sum of the mean quadratic errors
between experimental fractions (𝑥𝐿,𝑒𝑥𝑝 and 𝑥𝑀,𝑒𝑥𝑝) and corresponding





(𝑥𝐿,𝑒𝑥𝑝 − 𝑥𝐿,𝑚𝑜𝑑 )2 +
𝑛𝑠𝑎𝑚
∑
(𝑥𝑀,𝑒𝑥𝑝 − 𝑥𝑀,𝑚𝑜𝑑 )2 (52)
Once the first six parameters are identified, the second step con-
siders the global reactive scheme of Fig. 3 to identify the last four
parameters: 𝜙, 𝜅𝑖𝑠𝑜,𝑟𝑒𝑓 , 𝐸𝑎𝑖𝑠𝑜 and 𝐾𝑖𝑠𝑜.
Saturation degree, 𝑋, of most samples is inferior to 40%. In these
conditions, cis and trans MUFA distribution is mainly affected by 𝜙
i.e. the PUFA tendency to get hydrogenated in a cis or a trans MUFA.
Above 40% saturation degree, isomerization kinetic rates (𝑟𝑖𝑠𝑜 and 𝑟𝑖𝑠𝑜′ )
take over. For the second optimization, 𝜒2 criterion compares experi-
mental and model 𝑥 ∕𝑥 ratio (see Eq. (53)). This formulation gives𝑇 𝐶more weight to high trans content samples i.e. to highly hydrogenated
samples. Subsequently, the criterion exhibits a greater sensitivity to
𝜅𝑖𝑠𝑜,𝑟𝑒𝑓 , 𝐸𝑎𝑖𝑠𝑜 and 𝐾𝑖𝑠𝑜 parameters value.
Moreover, while the first optimization step uses the species molar
fractions at given reaction times, the second one considers values
at given saturation levels. This eliminates potential bias induced by
the first optimization step when the model does not perfectly fit the











Both optimization steps combine a stochastic and a deterministic
approach in order to find a global minimum for 𝜒1 and 𝜒2. For each
optimization, the considered parameters are first initialized with val-
ues given by Fernández et al. [24]. A simulated annealing algorithm
is first applied. Obtained values are then used as initialization for
a Levenberg–Marquardt algorithm. This entire process is reiterated
several times to insure that a minimum is found for both criteria.
Matlab 2018b was chosen to achieve these optimizations.
3.4. Optimizations results
3.4.1. First optimization step
Identification of the first six parameters is carried out consider-
ing either dissociative or associative mechanism for hydrogen adsorp-
tion. Results are available in Table 3 and are compared to the ones
from Fernández et al. [24].
𝜒1 value is lower for the associative mechanism than for the disso-
ciative one; however the difference is rather small and the later mech-
anism cannot be excluded at this stage (accounting for experimental
errors).
First of all, it can be noted the heat of adsorption 𝐸𝐻 tends to zero
for associative mechanism, indicating thus a low dependency of 𝐾𝐻 on
temperature.
In addition, pre-exponential factors 𝜅2,𝑟𝑒𝑓 and 𝜅1,𝑟𝑒𝑓 are significantly
higher in the dissociative case. Moreover, these reference constants
at 373 K (see Eq. (47)) are 13 to 17 times higher than the ones
from Fernández et al. [24] (see Table 3). This means that the Pd/Al2
O3 catalyst used in this work is significantly more active.
As expected, 𝐸𝑎2 is superior to 𝐸𝑎1 for both mechanisms i.e. PUFA
hydrogenation is favoured over MUFA hydrogenation at high tempera-
tures, in agreement with experimental observations [17]. Fig. 5 shows
the 𝜅2∕𝜅1 ratio as a function of temperature.
Nevertheless, the values 𝐸𝑎2 and 𝐸𝑎1 found in this work are both
lower than 30 kJ.mol−1 regardless of hydrogen adsorption mechanism.
Comparison to previous studies confirmed that these activation ener-
gies are lower than expected (see Table 4), indicating probable internal
mass transfer limitations.
Table 5
Results for the second optimization step and comparison with values obtained by Fernández et al. [24].
Dissociative Associative
This work Literaturea This work Literaturea
𝜅𝑖𝑠𝑜,𝑟𝑒𝑓 1,010 237–623b 1,283 89–266b kmol.s−1.kg−1Pd
𝐸𝑎𝑖𝑠𝑜 37.11 46.7–57.0 35.09 55.0–59.9 kJ.mol−1
𝜙 4.49 - 2.44 – –
𝐾𝑖𝑠𝑜 1.26 2 1.31 2 –
𝜒2 0.503 – 0.654 –
aParameter range values obtained by Fernández et al. [24] for four dissociative parameter sets
and four associative parameter sets.










Fig. 5. 𝜅2∕𝜅1 ratio vs. temperature, for both H2 adsorption mechanisms: dissociative
(—) and associative (- -).
To quantify these mass transfer resistances, Weisz–Prater modulus,
𝛹𝑊𝑃 , is calculated at the initial time of the reaction for H2 and PUFA










𝑟𝑎𝑝𝑝,𝑖 is the apparent consumption rate of the reactant 𝑖 and 𝑛 is
the corresponding apparent reaction order. If hydrogen is the limiting
species then 𝑛 varies between 0 and 0.5 for dissociative mechanism and
up to 1 for the associative mechanism (see Eq. (24) and (25)). If L is
limiting, 𝑛 varies between 0 and 1 (see 𝜃𝐿, Eq. (49)). Here the maximum
values of 𝑛 were applied. 𝐶𝑆,𝑖 is the initial liquid phase concentration of
the considered species. It is taken at saturation for a given temperature
and pressure for H2, and initial concentration in the liquid phase for
L. The particle diameter, 𝑑𝑝, is set at the mean value of 30 μm (see
Section 3.1.1).
𝐷𝑒𝑓𝑓 ,𝑖 is the effective diffusivity within the catalyst for the consid-
ered species 𝑖. It is calculated by Eq. (55) where 𝐷𝑖,𝑜𝑖𝑙 is either the H2 or
L (i.e. TAG) diffusivity in oil, 𝜖𝑝 and 𝜏𝑝 are the catalyst porosity and tor-
tuosity, respectively. Expressions of 𝐷𝑖,𝑜𝑖𝑙 for both species in sunflower
oil are available in Albrand et al. [35] for a given temperature. Porosity
was measured at 75% for the same catalyst support [36] and tortuosity





Fig. 6 gives the evolution of 𝛹𝑊𝑃 for both mechanisms and both
species over the investigated operating range (60–160◦C, 2-31 bar). It7
is recalled that the higher 𝛹𝑊𝑃 value, the higher the internal mass
ransfer resistance. 𝛹𝑊𝑃 values are above 0.1 meaning that diffusion
ithin the catalyst is the limiting phenomenon. The limiting reactant
epends on operating conditions: H2 is more limiting at low pressure
nd high temperature, and vice versa for L.
The Weisz–Prater modulus of L is found to decrease with temper-
ture, which is unusual. This behaviour can be explained by the high
ffect of the oil viscosity, 𝜇𝑜𝑖𝑙, on 𝐷𝐿,𝑜𝑖𝑙. Then, while 𝜅2 increases by a
actor 5.7 and 7.6 for dissociative and associative mechanism, respec-
ively, 𝐷𝐿,𝑜𝑖𝑙 is multiplied by a factor 10.6 on the same temperature
ange of 60–160◦C.
Finally, the effectiveness factor can be deduced for 𝑟2 in the least ad-
antageous conditions. For 𝛹𝑊𝑃 > 3, this factor is equal to 1∕𝛹𝑊𝑃 [38],
yielding a value of about 0.1.
3.4.2. Second optimization step
The values of the four last parameters are given in Table 5.
The 𝜒2 criterion is here lower for the dissociative mechanism,
contrary to what was observed for 𝜒1 in the first optimization.
The parameter values are close for both mechanisms, except for 𝜙.
Activation energy 𝐸𝑎𝑖𝑠𝑜 values are significantly higher than 𝐸𝑎2 and
𝐸𝑎1, meaning that 𝑟𝑖𝑠𝑜 and 𝑟𝑖𝑠𝑜′ are particularly sensitive to temperature
as compared to 𝑟2 and 𝑟1 (see Fig. 7). This also indicates that cis to
trans isomerization is enhanced at high temperature, as expected [17].
Nevertheless, these values are still lower than the ones from Fernández
et al. [24] (by 35%).
On the other hand, 𝜅𝑖𝑠𝑜 constant at 373 K is up to 8 times higher,
in agreement with the results obtained for 𝜅2,𝑟𝑒𝑓 and 𝜅1,𝑟𝑒𝑓 showing a
high activity of the present catalyst.
𝜙 value is above 1, meaning that PUFA is hydrogenated rather in cis
than in trans MUFA. 𝐾𝑖𝑠𝑜 constant is also above 1, hence trans isomers
are thermodynamically more stable than cis isomers, as expected.
Fig. 8 shows the time-evolution of fatty acid molar fractions for
selected experiments and the respective model predictions calculated
with the identified parameters. Although they do not allow to repro-
duce exactly all the experimental curves, the modelled reaction rates
give a fair description of the effect of the operating conditions. Note
that the differences between the two mechanisms are hardly noticeable.
The time-evolution of MUFA isomers is actually rather complex (see
Fig. 8). First, fast PUFA hydrogenation gives mostly cis MUFA, with a
maximum reached when PUFA fraction is close to 10%. Afterwards,
isomerization reactions take over and cis isomer fraction drops. TFA
fraction increases and exceeds the cis MUFA fraction. The ratio between
the two MUFA fractions remains constant (reaching 𝐾𝑖𝑠𝑜), and they
decrease together to give SFA.
Fig. 9 gives the ratio between trans and cis MUFA as a function of
the saturation degree. A plateau is reached at high saturation level for
all models and is equal to 𝐾𝑖𝑠𝑜. The lower the pressure and the higher
the temperature, the lower the saturation degree at which this plateau
is observed. This demonstrates a distinct dependency to temperature
and pressure for saturation and isomerization reactions in the model.
Finally, this figure shows a better agreement between modelled and
experimental data when a dissociative adsorption of H is assumed.2









































.5. Confidence intervals of the parameters
In order to determine the confidence intervals for the previously
dentified parameters, the so-called bootstrap method was applied [39].
t consists in reproducing the optimization procedure (using previous
alues of the parameters as initialization) for a large number of differ-
nt data sets generated from a random selection of the experimental
amples: an overall number of 56 points is still considered, but some
amples are over-represented while others are not included. By this
ay, a distribution of values is obtained for each identified parameter.
A total of 1,000 successive optimizations were carried out at each
tep. Results are represented in Fig. 10 showing the parameters mean
alues (close to previously obtained values) and their respective 95%
onfidence intervals. The latter are relatively small for the reaction
ate constants at 373 K - 𝜅2,𝑟𝑒𝑓 , 𝜅1,𝑟𝑒𝑓 and 𝜅𝑖𝑠𝑜,𝑟𝑒𝑓 . On the other hand,
onfidence intervals for activation energies and heat of adsorption -
𝑎2, 𝐸𝑎1, 𝐸𝑎𝑖𝑠𝑜 and 𝐸𝐻 -, are relatively narrow for the dissociative
echanism compared to the associative one.
This statistical analysis supports the previous conclusions that the
2 adsorption mechanism best suited to describe the experimental data
s the dissociative one.
. Conclusion
The main objective of this work was to propose a kinetic model
or sunflower oil hydrogenation, able to consider the distinct trend df saturation and isomerization reactions with respect to hydrogen
ressure. To do so, the time-evolution of four fatty acid concentrations
as monitored (C18:2, cis C18:1, trans C18:1 and C18:0). Horiuti-
olanyi mechanism was considered, assuming either a dissociative or
n associative adsorption for H2. In both cases, double bonds are either
ydrogenated or isomerized through successive hydride additions. After
implifications, the deduced kinetic laws show that saturation and
somerization rates are proportional to 𝜃𝐻 and (1 − 𝜃𝐻 ) respectively.
s a consequence, high H2 pressure enhances saturation reactions and
educes cis/trans isomerization.
A two-step optimization approach was applied to identify the cor-
esponding kinetic parameters, based on deterministic and stochastic
ethods. The experimental data were obtained in the 2-31 bar and
0-160◦C ranges, using a Pd/Al2O3 powdered catalyst.
This catalyst being particularly active, significant internal mass
ransfer limitations were observed for both hydrogen and triglycerides
espite the small mean diameter of the particles (30 μm). It resulted
nto rather low activation energies for the consecutive hydrogenation
teps and an estimated effectiveness factor of about 0.1. Nonetheless,
he isomerization reactions were found particularly sensitive to temper-
ture. From the comparison of the ratio between trans and cis MUFA
olar fractions and the calculation of the confidence intervals of the
arameters, it was concluded that H2 adsorption is most probably
issociative.
Fig. 8. Experimental data points and kinetic model curves for both H2 adsorption mechanisms (dissociative left, associative right). C18:2 (red), C18:0 (blue), and C18:1 (green)
compounds: overall (no cis/trans distinction) (●, —), cis (▲, - -), and trans (■, ⋯).




Fig. 9. Cis C18:1 and trans C18:1 molar fractions ratio vs. saturation degree (𝑋) for both H2 adsorption mechanisms: 60◦C (blue), 80◦C (green), 120◦C (orange), 160◦C (red); 2
bar (✕, ⋯), 6 bar (■, - -), 12.5 bar (▲, - ⋅ -), 31 bar (●, —).Fig. 10. Bootstrap results: average parameter values and confidence intervals at 95%; comparison between the dissociative (green) and associative (blue) mechanisms.RediT authorship contribution statement
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